Energy transfer processes in the isolated core antenna complexes CP43 and CP47 of photosystem II  by Casazza, Anna Paola et al.
Biochimica et Biophysica Acta 1797 (2010) 1606–1616
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbab ioEnergy transfer processes in the isolated core antenna complexes CP43 and CP47 of
photosystem II
Anna Paola Casazza a,1, Malwina Szczepaniak b,2, Marc G. Müller b,
Giuseppe Zucchelli a, Alfred R. Holzwarth b,⁎
a CNR-Istituto di Bioﬁsica, Dipartimento di Biologia, Universita` degli Studi di Milano, Milan, Italy
b Max-Planck-Institut für Bioanorganische Chemie, Mülheim a.d. Ruhr, GermanyAbbreviations: β-DM, n-dodecyl-β-D-maltoside; C
associated spectrum; EET, excitation energy transfer; Mes,
acid; PSII, photosystem II; RC, reaction center; SADS, species
SAES, species-associated emission spectrum
⁎ Corresponding author. Fax: +49 208 306 3951.
E-mail address: holzwarth@mpi-muelheim.mpg.de (
1 Present address: CNR-Istituto di Biologia e Biotecno
2 Present address: Centro de Investigaciones Biologic
Council (CSIC), Madrid, Spain.
0005-2728/$ – see front matter © 2010 Elsevier B.V. A
doi:10.1016/j.bbabio.2010.05.008a b s t r a c ta r t i c l e i n f oArticle history:
Received 20 July 2009
Received in revised form 7 May 2010
Accepted 11 May 2010
Available online 19 May 2010
Keywords:
antenna complexes
photosystem II
energy transfer
ﬂuorescence kinetics
femtosecond absorption
photosynthesisThe energy equilibration and transfer processes in the isolated core antenna complexes CP43 and CP47 of
photosystem II have been studied by steady-state and ultrafast (femto- to nanosecond) time-resolved
spectroscopy at room temperature. The annihilation-free femtosecond absorption data can be described by
surprisingly simple sequential kineticmodels, inwhich the excitationenergy transfer betweenblueand red states
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energy transfer steps do not represent a bottleneck in the rate of the primary processes in intact photosystem II.
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CP43 and CP47 are pigment-binding proteins constituting the core
antenna of photosystem II (PSII), the multi-subunit complex that drives
the light-induced oxidation of water with the concomitant reduction of a
plastoquinone pool in all oxygenic photosynthetic organisms. Besides
interacting with proteins associated with the site of water oxidation [1],
the core antenna provides a conduit for excitation energy transfer (EET)
from the outer antenna of PSII to the reaction center (RC), where primary
charge separation occurs.
In contrast to the peripheral antenna system,which can vary from the
phycobiliproteins in the case of cyanobacteria and red algae to the light-
harvesting complex II (LHCII) andminor chlorophyll proteins (CP24,CP26
andCP29) in the caseof higherplants, thebasic structureof thePSII core is
highly conserved among all types of oxygenic organisms [2,3] except for
some differences in the subunit content [4] and the relative orientation of
individual components relative to one another [5].Medium-resolution (3.0 Å) crystal structure of cyanobacterial PSII
[6], recently improved to 2.9 Å resolution [6,7], allows the identiﬁca-
tion of all the 20 subunits building up the core complex and the
complete modeling of all pigments (35 chlorophyll a, Chl a, and 12
carotenoid molecules) which are bound to it.
CP43 and CP47, encoded by the PsbC and PsbB genes, respectively,
possess a very similar structure: six transmembraneα-helices, separated
by ﬁve extrinsic loop domainswith the N- and C-termini exposed to the
stroma. Both are closely associated with the RC, with CP43 located
adjacent to D1 at the periphery of the dimeric PSII supercomplex, and
CP47 adjacent to D2 near the interface of the two PSII monomers, which
suggests an important role indimerizationof thePSII core complex [8]. In
PSII-LHCII supercomplexes, CP43 is located in a suitable position for
accepting electronic excitation energy from LHCII and probably CP26
while CP47 is supposed to accept excitation energy from CP29 and CP24
[9,10].
CP43 binds 13 Chls a and 2–3 β-carotenes, while CP47 binds 16
Chls a and at least 2 β-carotene molecules. Chls in both antennae are
located in symmetry-related positions. Additionally, in both com-
plexes the chlorophylls are roughly distributed in two layers near the
stromal and lumenal sides of the thylakoid membrane, with their
planes oriented perpendicular to the membrane.
The two core antenna complexes not only have similar structures but
also possess common spectroscopic properties. The existence of so-called
“trap chlorophylls” has been shown in both isolated complexes ([11–16]
for CP43; [17–20] for CP47). These Chls act as excitation traps in isolated
Fig. 1. SDS−PAGEpolypeptide compositionofPSIImembranes (BBY), PSII coredepletedof
the oxygen-evolving complex (PSII-OEC) and isolated core antenna complexes (CP43 and
CP47) derived from it. The band identiﬁcation is given on the left side of the ﬁgure.
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reaction center at low temperature.
In CP43 twoquasi-isoenergetic long-wavelength states, labeled state
A and state B by Jankowiak et al. [12] (683.3 nm with inhomogeneous
broadening FWHM ≈ 120 cm−1 and 682.9 nm with inhomogeneous
broadening FWHM ≈ 45 cm−1, respectively), have been observed by
hole burning [12]. Moreover, the analysis of the CP43 ﬂuorescence
spectrum at 4 K [11], where only the lowest energy states emit, shows
the presence of two Gaussian bands at 682.7 nm (FWHM=64 cm−1)
and at 684.5 nm (FWHM=160 cm−1) that can be associated with the
two A and B states. The presence of two additional low-energy states,
weakly coupled (max≈50 cm−1) tooneof theAor B trap state, has also
been reported [13].
At the moment, however, the number and the identity of the Chls
forming the trap states in CP43 are still a matter of debate and
different models have been proposed. In Model B1A1, A and B states
are both localized on a single Chl, where one is located in the stromal
and the other in the lumenal layer [15,16]. The best candidates for
these states were suggested to be Chl44 (Chls nomenclature
accordingly to Loll et al. [6]) for the A state and Chl37 for the B state
[16]. There is also evidence that the Chl responsible for the B state is
weakly coupled to the rest of the pigments in CP43 [14]. In Model
B1AM [11] or Model BMA1 [13], this state consists of an ensemble of
strongly excitonically coupled Chls while the other is localized on a
single Chl.
In CP47, only one trap state that absorbs at 685 nm and gives rise
to ﬂuorescence at 690 nm at 4 K has been reported [18]. An additional
state at 687 nm, excitonically correlated with the 690-nm one, was
suggested on the basis of hole burning measurements by Chang et al.
[17], but its existence has not been conﬁrmed thereafter. The trap has
been proposed to consist of one [19,21] or more pigments [20] and is
supposed to be responsible for the well-known ﬂuorescence emission
at 77 K in PSII [22].
Regarding energy transfer dynamics within the two core antenna
complexes, only a few reports can be found in the literature. Hole
burning studies in isolated CP47 at 4.2 K led to the identiﬁcation of a
684-nm state that relaxes to an exciton state at 687 nm in≈ 10 ps. The
687-nmstate is proposed to be part of a Chl dimerwhich relaxes in 70 fs
to its low-exciton state at 690 nm, which in turn decays in≈ 50 ps [17].
Later, den Hartog et al. [19], in ﬂuorescence line narrowing and hole
burning studies at 4.2 K, reported a much longer lifetime (4± 1 ns) for
the 690-nm state. Time-resolved absorption-difference measurements
at 77 K identiﬁed EET kinetics of 0.2–0.3 ps, 1.7–2.2 ps and ≈ 17 ps,
while transient ﬂuorescence data revealed lifetimes of 4 ps, 28 ps and
5.8 ns. The latter are much longer than those observed in the pump-
probe experiments and those previously reported by den Hartog et al.
[19] for the 690-nm state [23]. For CP43, spectral relaxation occurred
with similar lifetimes (0.4 ps and 2.6–3.4 ps) and excitonic coupling
between 667-, 675- and 682-nm states was suggested ([23], pump-
probe data at 77 K).
For both complexes, on the basis of Monte Carlo simulations, the
authors [23] ascribed the observed ultrafast relaxation of 0.2–0.4 ps to
EET between Chls within the stromal layer. The fast rate of 2–3 ps was
then attributed to EET from lumenal to stromal side Chls in CP43 and to
EET to a speciﬁc lumenal or stromal excitonic state in CP47, suggesting
that EET from the antenna to the RC must proceed from stromal side
Chls. The slow (17 ps) process observed in CP47 was assigned to EET
from the 683-nm component to the 690-nm state, whose origin and
localization remain unknown.
To our knowledge, only two studies on ultrafast energy transfer
dynamics at room temperature (RT) were reported for isolated CP43
and CP47. In both cases, part of the information on EET was obtained
by inducing excitation annihilation processes (Vis/Vis pump-probe).
The following sets of lifetimes were determined: 250 fs, 2–4 ps and
10–12 ps for CP43 [14] and 100 fs, 1–4 ps and 12–28 ps for CP47 [24].
The presence of a charge transfer state between strongly interactingChls was suggested in CP43. On the basis of Vis/mid-IR pump-probe
experiments [14], it was also concluded that a number of red-
absorbing pigments in CP43 should be located in a polar environment.
Similar measurements suggested a polar environment also for the red
states (two at≈ 683 nm and a redshifted one at 690 nm) of CP47 [24].
Here we present a complete set of steady-state and ultrafast time-
resolved absorption and ﬂuorescence measurements performed at RT
on a preparation of homogeneous, intact isolated core antenna
complexes CP43 and CP47. The data that extrapolate well to reported
kinetic data taken at low temperature provide important insights for
the understanding of the EET dynamics within isolated CP43 and
CP47. Combining such spectroscopic and kinetic information with
structural data, available due to the improved 2.9-Å resolution crystal
structure of cyanobacterial PSII [7], creates the experimental basis and
the reference points for comparison with existing [25] and future
detailed exciton dynamics calculations. Providing this experimental
basis is important in view of the ongoing highly controversial
discussion on the mode of energy trapping in PS II (see recent
reviews [26,27] and also [28–34]).
2. Materials and methods
2.1. Samples
Two- to three-week-old Zea mays seedlings were harvested during
the light phase of the day, and PS II membranes (also called BBY) were
prepared according to the method of Berthold et al. [35], using the
modiﬁcations described by Dunahay et al. [36]. Aliquots were
resuspended at 2 mg Chl/ml in 50 mMMes (pH 6.0), 10 mM NaCl and
0.4 M sucrose and stored at −80 °C. The oxygen-evolving PSII core,
depleted of LHC II, was obtained according to Ghanotakis et al. [37].
Removal of the oxygen-evolving complex and fractionation of PSII core
were carried out as described by Dekker et al. [38]. Polypeptide
composition of the samples collected at every step of the isolation
procedure was conﬁrmed by SDS–PAGE, using 15% polyacrylamide gels
in 6 M urea (Laemmli discontinuous buffer system). Samples, equiva-
lent to 1.5 and 0.5 μg of chlorophyll, were loaded in the wells and SDS
gels were stained with blue Coomassie (0.25% w/v Coomassie Brilliant
Blue R-250 in 10% v/v ethanol and 10% v/v glacial acetic acid; data not
shown) and silver nitrate (Fig. 1) according to Merril et al. [39],
respectively. To avoid deleterious concentration of the detergent
while concentrating the samples, fractions containing CP43 were
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(w/v) taurine, loaded onto a small anionic exchange column (Q-
Sepharose, 1 ml column bed volume), equilibrated in the same buffer
with the addition of 0.03% β-DM and eluted in 20 mM Bis–Tris pH 6.5,
20 mM NaCl, 10 mM MgCl2, 30 mM MgSO4, 1.5% (w/v) taurine and
0.03% (w/v) β-DM. The same procedure was followed for CP47.
Concentrated samples had an optical density of 6.8/cm at the Qy
absorption bandmaximum. All steps were carried out under dim green
light in a cold room.
Steady-state absorption and ﬂuorescence spectra of the isolated
CP43 and CP47 complexes measured at 281 K (Fig. 2) are in
accordance with previously published studies [11,12,18,22,40–43].
2.2. Absorption and steady-state ﬂuorescence
Absorption spectra were recorded with a V-550 Jasco spectropho-
tometer. Steady-state ﬂuorescence emission spectra were detected in
a home-built ﬂuorometer equipped with an EG&G OMAIII (model
1460) with an intensiﬁed diode array detector mounted on an HR320
Jobin-Yvon spectrometer. Thewavelength scale was calibrated using a
neon spectral calibration source (Cathodeon). The excitation wave-
length, ﬁxed at 440 nm, was selected by a monochromator (Heath)
and ﬁltered by two Corning CS 4–96 broad bandpass ﬁlters. The
bandwidth of the excitation beam was 2 nm. Fluorescence spectra
were corrected for the instrument detection wavelength sensitivity.
Samples were diluted to OD=0.4/cm at the Qy absorption maximumFig. 2. Normalized steady-state absorption (black) and ﬂuorescence (grey) spectra
(281 K), with indicated peak positions, of the antenna complexes: (A) CP43 and (B) CP47.for absorption measurements and to 0.1/cm for ﬂuorescence, in a
buffer containing 20 mM Bis–Tris pH 6.5, 20 mM NaCl, 10 mM MgCl2,
1.5% (w/v) taurine and 0.03% (w/v) β-DM. Spectra were measured at
281 K.
2.3. Time-resolved ﬂuorescence
Picosecond time-resolved ﬂuorescence measurements have been
performed at RT with two different experimental systems: (i) a
single-photon timing (SPT) apparatus with 1–2 ps time-resolution, as
described previously [44,45], and (ii) a streak camera (SC) setup. The
latter provides almost 10-fold higher time resolution than the SPT and
additionally allows for the simultaneous recording of the ﬂuorescence
signal across the whole accessible wavelength range. The excitation
source in the SC setup consists of a mode-locked Ti:sapphire laser
(Tsunami, Spectra Physics, USA) pumped by a diode pumped
frequency doubled cw laser (Verdi V10, Coherent, USA) operating at
532 nm. Pulses from the Tsunami laser (tuned to 830 nm, power of
1.8 W, set to a frequency 81.468 MHz, pulse width ca. 80 fs) are fed to
an optical parametric oscillator (OPO) with intracavity second
harmonic generation (Ring-OPO, APE Berlin, Germany). The output
pulse width was ca. 200 fs and the wavelength could be tuned in the
550- to 750-nm range. The excitation pulses were set at 4 MHz
repetition rate using a pulse-picker unit (Spectra Physics, USA). The
signal was measured under magic angle polarization conditions in the
shortest accessible time range (0–116 ps with 0.243 ps resolution per
point) recorded in the photon-counting mode using the blanking
mode of the streak camera. The blanking suppresses the recording of
ﬂuorescence during the back sweep of the streak camera and thus
prevents overwriting of the initial ﬂuorescence decay with its long-
lived tail due to the back sweep since the long-lived ﬂuorescence
(lifetime ca. 4 ns) does not decay fully during the 6-ns half-cycle of the
streak sweep.
In both SPT and SC measurements, the samples were rotated in a
spinning cell of 1.5- and 1-mm optical path length, at 3500- and 4000-
rpm speed, and in addition moved sideways with 70 and 30 rpm,
respectively. The power of the laser beam at the sample was kept below
350 μW in SPT experiments and 200 μW in SC. Samples were excited at
657 nm (CP43) and 663 nm (CP47) in the SPT experiments and at
660 nm (CP43 and CP47) in the SC. In SC measurements a special
multilayer cutoff ﬁlter was positioned in the emission beam that
suppresses any scattered excitation light from entering the spectrograph.
2.4. Femtosecond transient absorption
Femtosecond transient absorption system was as described
previously in [46]. In brief, the major part of a regenerative ampliﬁer
system (Libra, Coherent, USA) pumps an optical parametric ampliﬁer
(Topas, Light Conversion, Vilnius, Lithuania) as excitation pulse while
a minor part was used to generate a white light continuum as probe
light. To allow for an increased delay between pump and probe pulses
and thus to achieve a relatively large dynamic time range, the setup
was modiﬁed by extending the delay line up to 1 m in length. This
extension of the setup allows the measurement in three time ranges:
0–15 ps (13 fs per point), 0–300 ps (0.3 ps per point) and 0–5000 ps
(5 ps per point), which were subsequently analyzed together in a
global fashion. The probe light was dispersed and detected by a home-
built diode array detection system as described before [46]. Both
antenna complexes were excited at 660 nm using pulses of ≤2×1013
photons/cm2/pulse), which avoids annihilation effects.
2.5. Time-resolved data analysis
Fluorescence data were subjected to global analysis resulting in a
discrete set of lifetimes and their amplitudes, usually presented in the
form of so-called decay-associated spectra (DAS) [47], while the three
Fig. 3. Comparison of experimental (grey) and theoretical (black) steady-state
ﬂuorescence spectra (281 K): (A) CP43 and (B) CP47. Theoretical spectra were calculated
from the measured absorption spectra, shown in Fig. 2, using the Stepanov relationship
[50].
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ranges were analyzed together in a global fashion to obtain the
combined lifetime density (LFD) map [46]. Both ﬂuorescence and
absorption data were furthermore modeled in a global target analysis
as described previously [47,48].
The quality of each ﬁt was determined using the χ2-value and the
residuals plot. In order to decide upon the physical plausibility of a
particular model, shapes of the species-associated difference/emis-
sion spectra (SADS/SAES) from the kinetic analysis were also used as
a criterion since each state (SADS/SAES) must correspond to an
excited Chl or an exciton state. Various kinetic models were tested,
differing in the number and the connectivity of the excited species. For
ﬂuorescence decays, usually an additional (outside the model) small
amplitude component was required which reﬂects non-intact com-
plexes or small amounts of detached Chl.
3. Results
3.1. Steady-state absorption and ﬂuorescence
The absorption spectrumof CP43 showsamainbandwithmaximum
at 671 nm and a shoulder near 682 nm, which becomes a very distinct
narrow peak at low temperatures (data not shown). The ﬂuorescence
spectrum has its maximum at 684 nm. CP47 is characterized by an
absorption spectrum with a maximum in the Qy region at 675 nm. The
maximum of the emission band is at 683 nm and shifts to 690 nm upon
lowering the temperature (data not shown).
In order to be useful for detailed spectroscopic studies, the isolated
antenna complexes have to be functionally competent. To assess their
integrity, we have performed a thermodynamic analysis of steady-
state absorption and ﬂuorescence spectra using the Stepanov
relationship [49,50]:
FðvÞ= AðvÞ∝CðTÞv3 expð−hv = kBTÞ
where F(ν) is the emission spectrum, A(ν) is the absorption spectrum,
ν is the frequency, C(T) is a temperature-dependent term which does
not depend on the frequency, h is the Planck constant, kB is the
Boltzmann constant and T is the absolute temperature.
The Stepanov relation holds for functional pigment–protein com-
plexes in which thermal equilibration between all intra- and intermo-
lecular energy levels is attained before the bulk emission occurs. It has
been shown that in photosynthetic complexes, the deviations from the
thermodynamic behavior occur due to particle heterogeneity [51] and
uncoupled pigments [52].
Fig. 3 shows that for both complexes (CP43 and CP47), the
measured and calculated ﬂuorescence spectra are in good agreement
in the region of absorption/ﬂuorescence spectral overlap. Data are
presented for 281-K spectra.We can therefore exclude the presence of
signiﬁcant amounts of uncoupled chlorophylls, thus conﬁrming the
integrity of the isolated complexes.
3.2. Time-resolved ﬂuorescence—global analysis
Global analysis of the SC ﬂuorescence signals required a minimum
number of three lifetime components to obtain a good ﬁt (Fig. 4). For
both antenna complexes, the shortest resolved lifetime, which is in
the 1- to 3-ps range, is characterized by a negative or positive/
negative amplitude, which clearly indicates an energy transfer
process. Two remaining lifetimes, 30–50 ps and above 2 ns, demon-
strate positive amplitudes in the entire studied spectral range, with
the maximum at about 685 nm. The longest lifetime exhibits the
largest relative amplitude. The global analysis of the SPT ﬂuorescence
data also resulted in a set of three lifetimes (CP43: 3 ps, 366 ps, 3.7 ns;
CP47: 1 ps, 424 ps, 3.8 ns; see Fig. S1 in Supporting Information) for
both antennae. The shortest lifetimes also have negative amplitudeswhile the longest lifetimes have the largest contribution to the overall
signal.
3.3. Transient absorption
The energy transfer processes in the isolated antenna complexes as
measured by femtosecond transient absorption are characterized by a
surprisingly simple kinetics showing essentially two or three
dominant kinetic components (cf. Fig. 5). Nevertheless, there exist
clear differences between the two antennae. CP43 has a double band
bleaching, at 670 and 684 nm, which persists in the whole studied
time range (up to 5 ns). The main bleaching band is centered at about
670 nm for times b1 ps, with a small shoulder at higher wavelengths
(Fig. 6). After the ﬁrst ps, the amplitude ratio between the two bands
changes in favor of the red one. However, the 670-nm shoulder is still
visible at longer delay times. This feature is basically absent in CP47,
where the 677-nm band appears 100 fs after the excitation and
evolves in the 680-nm band during the following 100 fs. Finally, the
red-most bleaching at 681 nm appears at about 1 ps after the
excitation and in contrast to CP43 it is represented by a relatively
narrow band. The overall transient absorption signals in both antenna
complexes decay on the time scale of a few ns (Fig. 5E–F).
LFD maps (Fig. 7) display the transient absorption data transformed
from (delay) time space into lifetime space. The maps show the top
views on the three-dimensional lifetime vs. amplitude vs. wavelength
Fig. 4. Decay-associated spectra resulting from the global lifetime analysis of the
ﬂuorescence data (acquired with SC): (A) CP43 and (B) CP47. Lifetimes are given in ps.
The error limits of the lifetimes are estimated to be ≤ ±10%.
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the yellow/green to bright white colors correspond to positive
amplitudes of a speciﬁc lifetime component with a certain lifetime on
the quasi-continuous logarithmic lifetime axis. For example, in the CP43
LFD map (Fig. 7), the induced absorption bleaching at 668 nm (blue
spot, i.e., negative amplitude) decays with a lifetime of just below 1 ps.
At the same lifetime, thewhite spot at 685 nmrepresents a kineticswith
opposite sign,which in this case corresponds to an increase of bleaching
at the longer wavelength absorbing Chls and thus directly indicates an
energy transfer that occurs with a lifetime slightly below 1 ps. The
spectrum of the terminal emitting (equilibrated) state is directly given
by the bleaching decay on the long time scale (blue spot above 2-ns
lifetime) while at the same time its excited state absorption is seen to
decay (green bright spot) below 665 nm. Thus, this kinetics reﬂects the
ﬁnal decay of the excited Chl states.
The lifetime maps show that the lifetimes describing the antenna
complexes fall in two main ranges: energy transfer below 1 ps and
overall decay in the 2- to 8-ns range, with an additional lifetime of
about 7–10 ps characterized by very small amplitude (the latter is
present only in CP47).3.4. CP43—kinetic modeling of ﬂuorescence and transient absorption
data
A satisfactory description of the time-resolved data requires only a
relatively simple kinetic model (see Figs. 8C and 9A). The analysis of
the SC ﬂuorescence data resulted in a two-state model, in which the
1.8-ps component is associated with EET (negative amplitude in the
DAS, Fig. 8A) between two excited states State1* and State2*, and the
lifetime N 2 ns represents the decay of the equilibrated excited state to
the ground state. Fig. 8B shows that the spectrum of State2*, which is
characterized by a maximum at 685 nm, is slightly redshifted with
respect to the spectrum of State1*. Furthermore, for a perfect ﬁt it was
necessary to include an additional component, which has a 50-ps
lifetime. Its DAS amplitude is positive across the whole spectral range,
and therefore cannot be attributed to EET. However, the DAS
amplitudes of this additional state are rather small. Such a component
is basically absent in the transient absorption data (Fig. 9A, C, and E).
Here the required kinetic model consists of three states due to the
higher time resolution: CP43B*, CP43G* and CP43R*. Energy is ﬁrst
equilibrated very rapidly between two states with a lifetime of 81 fs
(Fig. 9A). The ﬁrst excited state (CP43B*, bleaching at 665 nm) is
depopulated on a sub-picosecond time scale (Fig. 9E). The spectrum of
the intermediate state (CP43G*) is redshifted by about 6 nm and
somehow less symmetric, with a shoulder on the red side. The
terminal state, denoted as CP43R*, is formed with a lifetime of less
than 600 fs, and decays on the nanosecond time scale (3 ns). This state
has a bleaching maximum at about 685 nm. The discrete lifetimes
present in this compartment model (Fig. 9A) agree well with the
lifetime map shown in Fig. 7A.
3.5. CP47—kinetic modeling of ﬂuorescence and transient absorption
data
As observed for CP43, an acceptable ﬁt of CP47 ﬂuorescence SC
data also required a model consisting of two excited states (State1*
and State 2*) with one additional compartment (Fig. 10). In CP47,
however, the fastest energy transfer rate is more than four times
higher than in CP43, resulting in a much shorter lifetime, of about
0.5 ps, whose spectrum implies an energy transfer process. Again the
major lifetime component (N2.3 ns) of the overall signal describes the
decay to the ground state. As in CP43, also in this antenna complex,
the second formed excited state has a somewhat redshiftedmaximum
of the emission spectrum with respect to State1* (Fig. 10B). Another
similarity between the two antennae is the presence of the additional
lifetime component of small amplitude, whose value is slightly
smaller (37 ps) than in CP43. However, in contrast to CP43, the
analysis of the transient absorption data for CP47 requires a more
extended model (Fig. 9B). We were able to resolve four different
excited states that take part in the intra-antenna energy transfer
processes: CP47B*, CP47G*, CP47Y* and CP47R*. As for CP43, the
transfer rates between the ﬁrst two states are very high, giving rise to
a very short lifetime (105 fs). Two subsequent lifetimes (932 fs and
7.5 ps) correspond to energy equilibration processes between states
with the maximum bleaching at about 682 nm (Fig. 9D), whereas the
longest 3-ns component reﬂects the overall decay of the excited state.
The necessity of a fourth compartment for modeling the transient
absorption data of CP47 led to the formulation of amore complexmodel
also for the analysis of the picosecond ﬂuorescence data. The extended
model (as presented in Supplementary Information, Fig. S2) incorpo-
rated an additional 5-ps lifetime, not resolved in the earlier kinetic
scheme (cf. Fig. 10). Nevertheless, the amplitude of its DAS was small
and the quality of the ﬁt did not improve much upon inclusion of this
component. This is not too surprising since the S/N ratio of the SC data is
smaller than that of the transient absorption data. Thus, resolution of
close-lying lifetime ismoredifﬁcult, in particular if its amplitude is small
as in this case.
Fig. 5. Original 3-dimensional transient absorption data hypersurfaces for CP43 (left) and CP47 (right) after excitation at 660 nm, acquired at three different time ranges: 0–15 ps
(A and B), 0–300 ps (C and D) and 0–5000 ps (E and F). Note the inversed ΔAbsorbance scale in all plots.
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ﬂuorescence experiments, we can give only a tentative assignment of
the states resolved by both experimental techniques used in this study.
In CP43, State1* determined in the ﬂuorescencemost likely corresponds
to the states CP43B* and CP43G* found in the transient absorption data
analysis and describes the energy transfer processes taking place
between these two. State2* from the ﬂuorescence analysis is assigned to
CP43R* as the ﬁnal emitter. A similar assignment can be made also for
CP47. Here State1* likely represents a mixture of the two early states
resolved in the transient absorption data, CP47B* and CP47G* (cf. the
respective lifetimes). Based on the analogous reasoning as for CP43,State2* corresponds to CP47R*, while the intermediate state CP47Y*
found in the transient absorption analysis is not resolved in the
ﬂuorescence data.
4. Discussion
4.1. Time-resolved ﬂuorescence
The ﬂuorescence kinetics of CP43 clearly show the presence of two
main lifetimecomponents: the shortest one (below3 ps) is assigned toa
fast energy transfer process, while the longest lifetime (above 2 ns)
Fig. 6. Transient absorption spectra at selected delay times for (A) CP43 and (B) CP47.
Fig. 7. Lifetime densitymaps (LFD) of the antenna complexes CP43 (A) and CP47 (B) with
indicated lifetimes determined in the target analysis of the kinetic data, as presented in
Fig. 9. The lifetimes are shownon a logarithmic scale. Color coding: yellow/white indicates
positive amplitudes corresponding to either rise of a bleaching or the decay of absorption,
while dark-blue/black indicates negative amplitudes reﬂecting either the decay of a
bleaching or the rise of absorption; orange color reﬂects the zero level.
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bigger amplitude than the short one; it represents the radiative decay to
the ground state from the terminal emitter Chl or exciton state. In
addition, both ﬂuorescence data sets, i.e., from SC and SPT, contain
lifetimes with intermediate values: about 50 ps in SC and 366 ps in SPT,
each with small amplitudes. These components are much better
determined in SPT experiments due to the larger available detection
time window (up to 10 ns) and the higher S/N ratio as compared to SC
data. SC data were recorded only in the shortest time range (up to
116 ps), which does not allow for a reliable evaluation of lifetimes
longer than 40 ps. Independently of the lifetime value, these interme-
diate lifetime components are characterized by rather small amplitudes
(max. 10–20% relative amplitude) in both ﬂuorescence data sets.
Therefore, in the target kinetic model of SC data, the 50-ps component
was included as an additional unconnected compartment.
The origin of this “intermediate” lifetime component, which was
resolved in the ﬂuorescence data but was not found in transient
absorption data, is not completely clear. One possible reason for
observing such a lifetime could be particle aggregation. However, the
transient absorption data, performed with much higher concentrated
samples, where the probability of aggregation is higher than in
ﬂuorescence experiments, do not show substantial signals between
10 ps and 1 ns. Moreover, the Stepanov calculation conﬁrms the
integrity and high quality of the samples.
Analogously to CP43, the ﬂuorescence data of CP47 exhibit two main
lifetime components:≤ 2 ps and above 2 ns. The former is assigned to the
EET, while the latter to the decay to the ground state. The additional
intermediate lifetime (37 ps in SC and 424 ps in SPT) has a rather small
relative amplitude and may have a similar origin as the small amplitude
longer lifetimes in CP43.We consider themost likely origin of these smallamplitude lifetimeswith lifetimes in the tens tohundredsof ps range tobe
some not understood quenching processes in a fraction of the complexes
(Note that these lifetimes are better deﬁned from the SPT data, i.e., they
are likely in the rangeofhundredsofps for reasonsdiscussedabove). Their
spectra are essentially the same as those of the long-lived ns decays, i.e.,
they represent overall decays of the already rapidly equilibrated systems.
Such heterogeneity in the overall decay kinetics is well known from
essentially all other isolated antenna complexes. Themost prominent and
widely studied example is the isolated light-harvesting complex II (LHC II)
from higher plants which always shows shorter decay lifetimes with
varying but small amplitudes (for a review, see [53] and references cited
therein). Moreover, Huyer et al. [54] suggested the existence of “slow”-
and “fast”-conformation states in isolatedantennacomplexes (CP47, CP29
and LHCIIb) in order to explain a heterogeneity in the observed
ﬂuorescence decay kinetics of the equilibrated system. According to
these authors [54] in the “fast”-conformation state, an additional
Fig. 8. Results of target analyses of the ﬂuorescence decay data for CP43 (SC data).
(A) DAS; (B) SAES; (C) kinetic scheme and lifetimes; rates are given in ns−1. Excitation
vector used in the analysis: 0.75 (State1*) and 0.25 (State2*). The error limits of the
rates are ≤10%, while the error limits of the lifetimes are ≤ ±15%.
1613A.P. Casazza et al. / Biochimica et Biophysica Acta 1797 (2010) 1606–1616radiationless singlet deactivation pathway is activated, which increases
the dissipation rate in a single Chl molecule, thus providing a dissipative
trap of the excited singlet state. The magnitude of the dissipation rate is
expected to be dependent on the local conformation of the surrounding
protein. We believe that the intermediate components found in our
ﬂuorescence data – which are clearly not energy equilibration compo-
nents in these antenna complexes – could be explained in a similar
fashion. As in theworkofHuyer et al. [54], these additional components at
RT show essentially the same spectral shapes as the long-lived (ns)
component.However, the exact reasons for this lifetime shorteningdue to
dissipation processes were also not unraveled by Huyer et al. [54].4.2. Energy transfer processes
The ultrafast ﬂuorescence and transient absorption experiments
conﬁrm that in the core antenna complexes energy equilibration is
very fast, as reported previously [14,24]. On the basis of femtosecond
Vis/Vis and Vis/mid-infrared spectroscopic studies of CP43, Di Donato
et al. [14] assigned the sub-picosecond lifetime to annihilation
between blue and blue/red states and between different red-
absorbing states, the 1- to 2-ps lifetime to fast equilibration between
a charge transfer state and excited states and the 2- to 4-ps and 10- to
12-ps lifetimes to EET from blue to red states. The data presented in
Figs. 8 and 9 (A, C and E) for very low excitation intensities show only
a very fast energy transfer from the blue to the red pigments, which
occurs on a time scale of less than 2 ps. Although we do not observe
any lifetime in the 10- to 12-ps time scale, it does not contradict the
abovementioned Vis/Vis and Vis/mid-IR pump-probe results since
this lifetime was found to appear only with higher excitation
intensities per pulse. Since our data are measured under essentially
annihilation-free conditions, it is understandable that this component
is absent in our data. A similar conclusion holds also for our data on
CP47, in which a very fast EET is determined (bleaching of the red
state at 683 nm takes place in about 1 ps, Fig. 9B, D, and F).
At the present level of analysis, we cannot assign particular states/
intermediates (blue, red and “trap” states) to speciﬁc Chl molecules in
the complexes. Such an assignment might be possible in principle by
using mutated isolated core antenna complexes with speciﬁcally
deleted Chl positions. These could be obtained either by generating
cyanobacterial (or algal) strains with targeted mutations at speciﬁc
Chl-binding sites, as performed, e.g., by Manna and Vermaas [55] and
others [56] on conserved His-residues for CP43 and CP47 respectively,
or by in vitro reconstitution of Escherichia coli overexpressed wild-
type and mutated apoproteins with pigments. Unfortunately, both
approaches are not feasible at present. In order to isolate the mutated
core antenna complexes from mutant strains, they should properly
assemble functional and stable PSII complexes and often they do not.
Moreover, isolation of stable and intact CP47 or CP43 complexes from
cyanobacteria is also not well developed. Another approach are
recombinant complexes. This approach has been successfully applied
by various research groups for spectroscopic studies for peripheral
antenna complexes of PSII (and also PSI), thanks to the pioneer work
of Plumley and Schmidt [57], see, e.g., [58–60], but until now no
successful methods for the in vitro reconstitution of the two PSII core
antenna complexes has been reported. Thus, at present, the only other
way for assigning particular states to speciﬁc pigments is to perform
detailed theoretical calculations of EET between particular Chls, which
however requires very precise structural data and advanced exciton
theory. Thus, further analysis of in particular the femtosecond
transient absorption data appears possible in the future applying
complex structure-basedmodeling. Knowledge of the accurate energy
transfer pathways in the isolated CP43 and CP47 antenna complexes
would deﬁnitely be invaluable for getting insight into the functioning
of the intact PSII core complex.
5. Conclusions
We have shown that time-resolved ﬂuorescence and transient
absorption experiments performed on CP43 and CP47 at the
physiological relevant temperature can be well described by consis-
tent, relatively simple, sequential kinetic models. The kinetics –
agreeing in the major points with previous kinetic studies carried out
at 77 K [23] – show that the intra-antenna energy transfer processes
in CP43 and CP47 are surprisingly fast. This is relevant for the long-
lasting controversial discussion on the energy/electron transfer
bottleneck in the intact PSII core complex [25,26,28,29,31,32]. LFD
maps (Fig. 7) and all other results clearly show that the intra-antenna
EET processes are accomplished with less than 2-ps lifetimes and
Fig. 9. Results of the target analyses of the transient absorption data for CP43 and CP47. (A, B) Kinetic scheme and lifetimes for CP43 (A) and CP47 (B); rates are given in ns−1;
(C) SADS for CP43 (excitation vector used in the analysis: 0.85 (CP43B*), 0.15 (CP43G*) and 0 (CP43R*)); (D) SADS for CP47 (excitation vector used in the analysis: 0.9 (CP47B*), 0.1
(CP47G*), 0 (CP47Y*) and 0 (CP47R*)). (E, F) Time-dependent populations of the intermediates as resulting from the kinetic models for CP43 (E; frommodel in A) and CP47 (F; from
model in B). The error limits of the rates and lifetimes are ≤ ±10%.
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intact PSII at RT as has been implied in recent theoretical modeling
work [25].We note that the lifetimes found for the equilibration in the
isolated complexes are, in particular for the CP43 complex, up to a
factor of 3–5 faster than calculated within a recent structure-based
energy transfer simulation [25]. Thus, our results directly challenge
the results and conclusions drawn in that work regarding the rate
limitations of the early steps of energy transfer and charge separation
in photosystem II.In the studied core complexes, the Chl pigments are basically located
in two layers positioned on the two sides of themembrane. Comparison
with conclusions drawn from various analyses of the steady-state
spectra [11,12,15,16,21,61,62] suggests that the ca. 1–2 ps EETprocesses
in these core complexes correspond essentially to energy equilibration
between antenna pools located in the stromal and lumenal Chl layers of
the complexes [6,63–66] while the faster processes correspond to
ultrafast energy equilibration within these layers. The latter processes
mustbe fairly complex, but theoverall fast kinetics is lumped together in
Fig. 10. Results of target analyses of the ﬂuorescence decay data for CP47 (SC data).
(A) DAS; (B) SAES; (C) kinetic scheme and lifetimes; rates are given in units of ns−1.
Excitation vector used in the analysis: 0.9 (State1*) and 0.1 (State2*). The error limits of
the rates are ≤ 10%, while the error limits of the lifetimes are ≤ ±15%.
1615A.P. Casazza et al. / Biochimica et Biophysica Acta 1797 (2010) 1606–1616the ca. 80- to 500-fs lifetime distributions seen in the LFD maps which
could only be analyzed further applying detailed structure-based
theoretical modeling.
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